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Valence Balance of Magnesium in Mixed (Cl, O) Environments
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Empirical parameters N( d, and N) are given for
the equation s = (d/d,)™" relating Mg—Cl and Mg—O
bond lengths (d, A) and bond strengths (s, valence
units), using structural data from 73 compounds
with about 100 different all (Cl), all (0) and mixed
(0, Cl) ligand sets. Parameter values are (2.010,
5.10) and (1.62, 4.40) for Mg—Cl and Mg—O,
respectively, and deviations from ideal valence sums
are discussed.

Introduction

Application of the valence sum rule has led to an
extensive set of empirical parameters which can
profitably be used in the determination and inter-
pretation of crystal structures [1]. In particular,
bond strength—bond length relationships are well
established for cation bonding to oxygen, but are
scarcely known for other anions. This is partly
due to the more restricted structural data which
are available for such compounds. Further extension
of the parameter set is then of considerable general
interest. In an attempt to describe the Mg—Cl bond,
using the avaijlable all (C1) and mixed (Cl, O)ligand sets,
we have come across fairly high mean deviations from
ideal valence values. In view of previous criticism
[2] with regard to the validity of the proposed rela-
tionship in the case of very short bond distances,
we have also independently attempted to derive a
parameter set for the Mg-O bond, taking into
account that one important function of bond
strength — bond length calculations is the establish-
ment of general conceptual schemes by pointing out
where disagreements occur.

Results and Discussion

Magnesium—Chlorine Bonding

On the basis of the crystal data for regular chlorine
coordinations in the solid state, as in the tetrahedrally
coordinated Cs,MgCl, (d, 2.303 A; s, 0.50 vu.)
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and octahedrally coordinated o-MgCl,, KMgCl;,
K;MgCl,, CsMgCl; and RbMgCl, (d, 2.494 A;s, 0.33
v.au.), the parameters (d;, N) of the equation s =
@d/d,Y™ relating bond strengths or bond valences
(s, valence units) and bond lengths (d, A) are readily
derived as (2.010, 5.10). For the gas phase species
(MgCl12),,, where the role of #-bonding is claimed to
be very minor [3], structural data are only available
for the terms with n =1, 2 [3, 4]. As may be seen
from Table I, gas phase data for MgCl, (d, 2.18 &;
s, 1.0 vau.) [5] do not comply with the relation
described above, or with similar expressions such as
R - R, = —2klog s, as opposed to other analogous
cases of gaseous species (e.g. AlCl; and TiCly). On
the other hand, such a fit is not to be expected,
according to Brown [6]. Yet, if we consider that
rMg?* — rA1** = 0.15 A, reported experimental data
for MgCl,(g) with Mg—Cl = 2.18 A stand in good
relation to the bond distance of 2.06 A in AlCl;(g).
The Mg—Cl distance of 2.18 A has recently also been
confirmed theoretically by energy minimization
procedures [4]. It should be mentioned, however,
that various inconsistencies exist in bond distances
of group 2A and 2B dimethyls and chlorides [3].
As to sources of error in the reported bond data
used for deriving the parameter set, it is noticed that
the experimental values of 2.272—2.303 A for Mg—
Cl bonds in tetrahedrally coordinated Cs;MgCl,
and CszMgCl; are very reasonable if compared to
the average tetrahedral Al—Cl bond length (2.125 A)
and therefore do not appear to be in doubt.

In magnesium compounds there is a trend towards
a maximum coordination number compatible with
the steric requirements of the ligands. Tetrahedral
MgCl3~ species are rare and occur in Cs,MgCl,
(s, 1) [7] and K,;MgCl, (/) [8]. Mixed salt systems
of the type MgCl,»nMCl, such as Cs;MgCl,—
K,MgCl,, also contain the tetrahedral MgCl3~ ion
as the dominant species in the melt [8]. Whereas
the coordination number of magnesium changes from
six in solid K,MgCl, to four in the melt, Cs,MgCl,
melts with retention of the MgCl3~ tetrahedral
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Valence Balance in Mg Compounds

complex. Discrete MgCl3~ tetrahedral species are
also present in (NH,), MgCl, [9] and Cs;MgCl; [10]
(isomorphous with Cs;CoCl; [11]) and have also
been reported in the gas complex MgCl,-3AICl,
[12]. Apparently, only the more polarizable ions,
such as Cs" and (NEt,)", are able to stabilize tetra-
hedral species in the solid phase. No evidence for
MgCl; species is available [8, 13], although poly-
nuclear Mg,Clg species appear to have been observ-
ed [8].

Among the crystal data for mixed (Cl, O) ligand
sets of Table I those referring to boracite are worth
considering. Whereas the cubic modification [14] has
been described by a point-atom structure for the
borate framework with space—time averaging of Mg
and Cl within the cavities, in orthorhombic boracite
[15] the nature of the cavities in the borate frame-
work is claimed to be responsible for the unusual
coordination. We notice that the cation—oxygen
distances are quite normal but that the cation—
chlorine distances are anomalously long. This is
particularly evident if we compare the boracite data
with structural results for MgO,Cl, units with similar
Mg—O bond lengths, such as TiMgClg(CH;COOC,-
H5)4, TlMgCls(OOCCHzcl), (CICH2CO0C2H5)3 and
-Mg,(OH);Cl. Our considerations indicate the need
for a careful re-examination of boracite, with special
regard to Mg and Cl positions.

As may be seen from Table I, except from boracite
structures, Mg—Cl bonds usually range from about
2.2 t0 2.65 A (0.60 to 0.25 v.u.). Even longer bonds
(2.79 A) are reported for five coordinate Mg to three
coordinate Cl in [C,HsMg,Cl3(C,Hs0):], [16].
The exceptional ability of the chlorine atom to
bridge two or more atoms undoubtedly contributes
to the wide range in bond distances and greatly
expands the structural possibilities for organo-
magnesium chlorides.

In compounds with mixed (Cl, O) coordination
spheres the Mg—O bonds are usually confined to the
range of 1.99-2.10 A (0.40-0.30 v.u.), whereas
Mg—Cl distances cover the range of 242-266 A
(0.40-0.25 v.u.); two-coordinate Cl bridge distances
more often correspond to about 2.50 A (0.33 v.u.).
The latter distance is similar to that found in
[MgCl5]Z chains, as in CsMgCly [17]. Apart from
the discrepancies discussed above, calculated valence
sums for mixed (Cl, O) ligand sets around magnesium
conform to the expected value, with a mean devia-
tion of 4.0%.

Magnesium—QOxygen Bonding

As rather few all-(Cl) ligand sets are available
(cf. Table I), as opposed to mixed (Cl, O) environ-
ments, confidence in the (d,, V) parameter set for
Mg—O bonding was found to be highly desirable.
Previous parameter values of (1.622, 4.290) have
been reported by Brown and Shannon (hereinafter B
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Fig. 1. Parameter values (d), N) minimizing discrepancy to
ideal valence value of Mg in oxomagnesium environments.
B & S refers to findings of ref. 18.

& S) [18]. Using an extensive subset of the structural
data of Table II, it appears that other parameter sets
minimize the deviations from ideal values (Fig. 1). As
a result, the values indicated by B & S would appear
to be quite arbitrary. Closer examination of the
problem shows that the presently available data
set reflects the very strong tendency to form
octahedral bonds and accounts for the findings of
Fig. 1.

Magnesium shows a range of oxygen coordina-
tions from eight in pyrope garnet to four in melilite.
Amongst the reference structures with regular oxygen
coordinations, which are primarily to be used to
derive the (d;, V) parameter values, we noticed a
considerable spread in bond distances. If we delibe-
rately ignore spinel structures due to the uncertainty
in the degree of inversion, and other compounds
with cation substitution such as (Ca, Na, K) (Mg,
A1)Si, 04, the only remaining data referring to tetra-
hedral structures then relate to Mg[PO,(OC,Hs),],
[19], K¢MgO, [20] and Na,MgSiO, [21]. Surpris-
ingly, in these compounds the average Mg—O
distances differ widely, namely from 1.901(5) to
2.01(2) A

As to trigonal bipyramidal and related structures,
no regular coordinations are known, as expected.
The average bond lengths range from 2.005-2.042
A for such compounds of Table II.

In almost-regular octahedral coordinations the
mean Mg-—0 distance is usually between 2.057 and
2.076 A (average 2.065 A) but with some noticeable
exceptions of underbonding, as in MgO, MgCl,*
10H,0+2(CH,)¢N,, Mg(OH), and MgegMnOg, with
bond distances exceeding 2.10 A. Similarly, in other
structures, such as [Mg(POCl;)s] [Ti, Clyo ]-2POCl,4
and [Mg(POCl;3)][TiClg], very low mean bond
length values have been reported (2.037(9) and
2.019(9) A, respectively). The overall octahedral
Mg—O distance amounts to 2.064 A, in fair
agreement with the previously reported values of
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Valence Balance in Mg Compounds
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2.085 A [22] and 2.058 A (for hexaquocations) [23]
or the range of mean Mg—(OH,), distances in octa-
hedral environments, namely 2.062—2.083 A [24].
While the large spread of the mean values is surpris-
ing, we have noticed only a small difference in the
dimensions of MgOs and Mg(OH;)s coordinations,
with average Mg—O bond length differences not
exceeding 0.004 A.

Other reference points for the Mg—O bond
strength—bond length curve are eventually MgO(g)
with quoted bond distances of 1.672 and 1.749 A
[25, 26] for s = 2.0 v.u. and the dodecahedral
environment in Mgz Al,(SiO4); (d, 2270 &, s = 0.25
v.u.). Although magnesium also occasionally adopts
a seven coordination, as in Na,[(H,O)MgEDTA]-
5H,0 [27] and Mg,EDTA-9H,0 [28], the avail-
able data are beyond the scope of the present paper.

After considerable trial-and-error, giving high
weight to the atypical coordinations we have adopted
(d,, N) values of (1.62, 440) as being most
appropriate to describe Mg-O bond lengths of
1.896, 2.079 and 2.220 A with bond strengths of
0.5, 033 and 0.25 v.u., respectively. For reasons
outlined above, this parameter set does not mini-
mize the overall discrepancy with the ideal valence
sums. As may be noticed, our parameters are close
to those established by B & S using a less extensive
data set.

Bond strength—bond length relations may be used
in a simple way to calculate the degree of inversion
of spinel structures thus being complementary to
other methods [29-31]. Apart from some spinel
structures (with inaccurately determined degrees of
inversion), the most remarkable deviation from the
expected Mg—O valence sum is observed for Kg-
MgOQ, [20]. This structure contains an unusual anti-
prismatic unit composed of K atoms. Our analysis
casts further doubt on the correctness of one of the
proposed oxomagnesium environments in o-Mg,-
P,0, [32] with an anomalous Mg—O distance of
335 A. The oxygen atom concerned shows the
highest mean-square vibrations of the set of oxygen
atoms and may be erroneously located. Apart from
the discrepancies in valence sums mentioned above,
the average variation amounts to 4% with a maximum
of 7%.

As may be seen from the data presented (Tables
I and II) Mg—O bond distances vary over a wide
range, namely from 1.87—2.42 A with bond strengths
of 0.53—0.17 v.au., respectively. The cation is
usually found in a (highly distorted) octahedral
coordination (cf. also ref. 33) and only occasionally
in a different environment up to eightfold. The
existence of four-coordinated magnesium ions is
strongly limited for all-oxygen coordinations and
is almost inexistent for all-chlorine environments.
This limits the accuracy in the derivation of bond
strength — bond length relationships.

J. C. J. Bart and P. Vitarelli
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